Objectives: Transfusion of stored RBCs is associated with increased morbidity and mortality in trauma patients. Plasma hemoglobin scavenges nitric oxide, which can cause vasoconstriction, induce inflammation, and activate platelets. We hypothesized that transfusion of RBCs stored for prolonged periods would induce adverse effects (pulmonary vasoconstriction, tissue injury, inflammation, and platelet activation) in lambs subjected to severe hemorrhagic shock and that concurrent inhalation of nitric oxide would prevent these adverse effects. Design: Animal study. Setting: Research laboratory at the Massachusetts General Hospital, Boston, MA. Subjects: Seventeen awake Polypay-breed lambs. Interventions: Lambs were subjected to 2 hours of hemorrhagic shock by acutely withdrawing 50% of their blood volume. Lambs were resuscitated with autologous RBCs stored for 2 hours or less (fresh) or 39 ± 2 (mean ± sd) days (stored). Stored RBCs were administered with or without breathing nitric oxide (80 ppm) during resuscitation and for 21 hours thereafter. Measurements and Main Results: We measured hemodynamic and oxygenation variables, markers of tissue injury and inflammation, plasma hemoglobin concentrations, and platelet activation. Peak pulmonary arterial pressure was higher after resuscitation with stored than with fresh RBCs (24 ± 4 vs 14 ± 2 mm Hg, p < 0.001) and correlated with peak plasma hemoglobin concentrations (R 2 = 0.56, p = 0.003). At 21 hours after resuscitation, pulmonary myeloperoxidase activity was higher in lambs resuscitated with stored than with fresh RBCs (11 ± 2 vs 4 ± 1 U/g, p = 0.007). Furthermore, transfusion of stored RBCs increased plasma markers of tissue injury and sensitized platelets to adenosine diphosphate activation. Breathing nitric oxide prevented the pulmonary hypertension and attenuated the pulmonary myeloperoxidase activity, as well as tissue injury and sensitization of platelets to adenosine diphosphate. Conclusions: Our data suggest that resuscitation of lambs from hemorrhagic shock with autologous stored RBCs induces pulmonary hypertension and inflammation, which can be ameliorated by breathing nitric oxide. (Crit Care Med 2013; 41:2492-2501 
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For information regarding this article, E-mail: wzapol@partners.org Adverse Effects of Hemorrhagic Shock Resuscitation With Stored Blood Are Ameliorated by Inhaled Nitric Oxide in Lambs* can restore blood oxygen carrying capacity after hemorrhagic shock (HS) (2) . During extended storage of human blood (up to 42 d) RBCs undergo progressive biochemical, mechanical, and functional changes, altering their physiologic properties (3, 4) . These pathologic changes result in shedding of hemoglobin (Hb)-containing microparticles (5) and hemolysis of RBCs during storage and after transfusion (6) . When oxy-Hb is released from RBCs, it can scavenge nitric oxide (NO) (7) , resulting in vasoconstriction (8) , inflammation, platelet activation (9) , and organ injury (6) .
Several studies have associated transfusion of RBCs stored for prolonged periods with increased morbidity and mortality in severely injured patients (10) (11) (12) (13) (14) (15) (16) . Weinberg et al (15) reported that trauma patients receiving packed RBCs stored beyond 14 days during the first 24 hours of hospitalization had a higher mortality risk compared with patients receiving RBCs stored for less than 14 days. This difference in mortality was only observed when patients received three or more RBC units. Thus, not only the age but also the quantity of transfused stored RBCs seems to negatively influence the clinical outcome. Other prospective randomized studies have reported no differences in clinical outcomes when comparing transfusion of fresh and stored RBCs in critically ill patients and healthy volunteers (17) (18) (19) (20) (21) . Thus, whether stored blood transfusions are deleterious, and if so, in which patients, remains uncertain.
NO relaxes vascular smooth muscle cells, modulates immune responses, and inhibits platelet aggregation (22) . When inhaled, NO selectively dilates the pulmonary circulation but does not produce systemic vasodilation or hypotension in a wide range of species, including humans (23) and lambs (24) . The absence of systemic vasodilation while breathing NO would be vital for resuscitation of hypotensive patients suffering from HS.
For this study, we adapted an ovine model of HS (25) (26) (27) to investigate transfusion of autologous RBCs. We previously reported that transfusion of 300 mL of packed autologous RBCs stored for 40 days transiently increased the mean pulmonary arterial pressure (PAP) and pulmonary vascular resistance index (PVRI) in lambs (28) . This pulmonary vasoconstrictor effect was potentiated by partially inhibiting NO synthase (NOS) with N G -nitro-l-arginine methyl-ester (l-NAME) and prevented by breathing 80 parts per million (ppm) NO during transfusion.
Our group recently reported that resuscitation of mice from HS with stored syngeneic RBCs adversely impacted clinical outcome (29) . Breathing NO reduced inflammation and tissue injury and improved short-term survival rates after HS in mice resuscitated with stored RBCs.
In this study, we hypothesized that HS would sensitize lambs to the adverse effects of stored RBC transfusion, inducing severe pulmonary vasoconstriction, tissue injury, inflammation, and platelet activation. We further hypothesized that inhalation of NO during and after transfusion of stored RBCs might prevent these adverse effects. We report that resuscitation from HS with stored RBCs induced greater pulmonary vasoconstriction and tissue injury, as well as greater pulmonary myeloperoxidase activity, plasma Hb concentrations, and platelet sensitization than did resuscitation with fresh RBCs. Breathing NO prevented the pulmonary vasoconstriction and attenuated the tissue injury, pulmonary myeloperoxidase activity, and platelet sensitization in lambs transfused with stored RBCs.
MATERIALS AND METHODS

Experimental Protocol for Autologous RBC Storage and Transfusion in Awake Lambs Subjected to HS
All experiments were approved by the Subcommittee on Research Animal Care, Massachusetts General Hospital, Boston, MA. The Guide for the Care and Use of Laboratory Animals (U.S. National Research Council, 2011) was followed for animal handling. We studied seventeen 3-to 4-monthold Polypay-breed lambs (New England Ovis, Dover, NH) weighing 28-35 kg. For animals receiving stored RBCs, 1 unit of blood was obtained at 42 days and another unit at 35 days prior to transfusion, with procedures as previously described (28) . Briefly, lambs were anesthetized with an intramuscular injection of ketamine (20 mg/kg; Hospira, Lake Forest, IL), and blood (450 mL) was drawn from an external jugular vein into a Double Blood-Pack Unit (Fenwal, Lake Zurich, IL) containing citrate-phosphate-dextrose-adenine (CPDA) solution. Blood was leukoreduced, using an integrated RS2000 leukoreduction filter. RBCs were separated from plasma and resuspended in additive solution containing saline, adenine, glucose, and mannitol (AS-1, Adsol Solution, Fenwal). Animals resuscitated with fresh RBCs were transfused with their nonleukoreduced whole blood that was withdrawn to induce HS into bags containing CPDA solution. The detailed composition of resuscitation solutions can be found in Table 1 .
On the day of the HS experiment, anesthesia was induced by breathing 5% isoflurane (Baxter, Deerfield, IL) in oxygen via mask. After endotracheal intubation, animals underwent a tracheostomy and were instrumented with a carotid artery catheter and a 7F pulmonary artery catheter (Edwards Lifesciences, Irvine, CA). After surgery, animals were placed in a custom-made Babraham metabolic cage (30) and allowed to recover from anesthesia for 2 hours. Lambs breathed spontaneously via the tracheostomy at an inspired oxygen fraction (Fio 2 ) of 0.25. The heart rate, mean arterial pressure (MAP), PAP, and central venous pressure were monitored continuously. Pulmonary artery occlusion pressure was intermittently measured every 15-30 minutes. Cardiac output was assessed by thermodilution. Cardiac index (CI), PVRI, and stroke volume were calculated using standard formulae. Hemodynamic data were collected until 21 hours after completing resuscitation.
Three groups of lambs were studied. In all animals, the most severe form of HS (Class 4) (31) was induced by withdrawing more than 40% of the lamb's total blood volume (32) . Blood was withdrawn via the carotid artery catheter at a rate of 0.66 mL/kg/min, until MAP was less than 50 mm Hg. MAP was maintained around 50 mm Hg for a total of 120 minutes. Additional 60 mL of blood were withdrawn whenever MAP increased above 50 mm Hg for more than 5 minutes. After 120 www.ccmjournal.org November 2013 • Volume 41 • Number 11 minutes of HS, animals were resuscitated with RBCs warmed to 37°C (transfused over 30 min) and lactated Ringer's solution (Hospira; Table 1 ). Following the resuscitation period, lactated Ringer's solution containing 5% dextrose (Hospira) was continuously infused at 3 mL/kg/h. For resuscitation, one group (n = 6) of lambs received whole blood collected into CPDA, which had been withdrawn to induce HS (fresh RBCs). A second group of lambs (n = 6) was transfused with blood stored in AS-1 for an average of 39 days before transfusion (stored RBCs). A third group (n = 5) of lambs was transfused with stored RBCs while breathing 80 ppm NO (Medical-Technical Gases, Medford, MA). NO was administered during resuscitation and for 21 hours thereafter. Inspiratory concentrations of NO were measured using a Sievers NO Analyzer (GE Analytical Instruments, Boulder, CO).
Lambs were continuously monitored and were sedated with an IV bolus of 0.01-0.02 mg/kg midazolam (Hospira) if they appeared distressed. Plasma glucose concentrations were monitored using a OneTouch Ultra blood glucose monitor (LifeScan, Milpitas, CA). Plasma glucose concentrations below 80 mg/dL were treated with an IV injection of 5 mL of 50% dextrose (Hospira).
Biochemical Analysis of Blood Samples
Arterial and mixed-venous blood samples were measured before induction of HS, every 30 minutes during HS, every 15 minutes during resuscitation, and at 0.5, 1, 2, 3, 9, 15, and 21 hours after resuscitation. Samples from the blood storage bags were obtained immediately following transfusion. Blood gas tensions, Hb concentrations, and pH were analyzed using an ABL800 Flex blood gas analyzer (Radiometer Medical, Copenhagen, Denmark). Oxygen delivery index (Dȯ 2 I) and oxygen consumption index (Vȯ 2 I) were calculated using standard formulae.
The concentration of Hb in plasma and in the supernatant of the transfusate was determined by spectral deconvolution (5) . Absorption spectra of plasma were measured from 500 to 700 nm using a Libra S70 spectrophotometer (Biochrom, Cambridge, United Kingdom) with cuvettes of 1-cm path length. The measured spectra were calibrated to remove background signals: absorbance values at 675 and 700 nm from each spectrum were connected and extrapolated. The entire range below the line connecting these two values was subtracted from the measured spectrum, and calibrated spectra were used to determine the concentrations of oxy-Hb, met-Hb, and deoxy-Hb (33) . The spectra from 550 to 700 nm were deconvoluted using a least squares analysis with Excel 2007 Solver (Microsoft, Redmond, WA).
Lactate levels were measured using a Lactate Plus monitoring system (Nova Biomedical, Waltham, MA). Alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatine phosphokinase (CPK) activity, and creatinine concentrations were determined using kits obtained from Bioassay Systems (Hayward, CA). Serum iron concentrations were measured using a commercially available kit (Genzyme, Cambridge, MA).
Lung Myeloperoxidase Activity
Twenty to thirty milligrams of lung tissue was homogenized in 0.5 mL of 50 mM potassium phosphate (pH 7.4) and centrifuged at 12,000 × g for 20 minutes. Lung homogenates were resuspended in 0.5 mL of hexadecyl-trimethyl-ammonium bromide (Sigma-Aldrich, St. Louis, MO) in 50 mM potassium phosphate (pH 6.2), homogenized, sonicated, freeze-thawed, and sonicated again. The solution was centrifuged, and 20 μL of the supernatant was mixed with 70 μL of o-dianisidine dihydrochloride (0.357 mg/mL; Sigma-Aldrich) in Hanks' balanced salt solution and 60 μL of 0.1% hydrogen peroxide in 50 mM potassium phosphate (pH 6.2). Myeloperoxidase activity (U/g lung) was determined by measuring absorption at 450 nm. Lung Wet-to-Dry Ratio At necropsy, one piece of the lower lobe of the left lung (15-20 g) was excised and immediately weighed (34) . The tissue was dried in a microwave oven for 40 minutes and reweighed.
Values are expressed as the ratio of wet-to-dry weight.
Quantitation of Gene Expression Levels
At 21 hours after resuscitation ended, animals were anesthetized and euthanized by IV injection of 50 mL of 20% KCl solution. Tissue samples were obtained from the lung, liver, and kidney; snap frozen in liquid nitrogen; and stored at -80°C. RNA was extracted from tissues using Trizol (Invitrogen, Carlsbad, CA), and complementary DNA was synthesized using MMLV-RT (Invitrogen). Real-time amplification of transcripts was detected using a Mastercycler ep Realplex (Eppendorf, Hamburg, Germany). The relative expression of target transcripts was normalized to levels of 18S ribosomal RNA. Primer pairs were used to detect transcripts encoding heme oxygenase (HO)-1, TCCCTGCGTCCCTCCCTTCTG, AGGGTCCAGGGAAGACCCCG; myeloperoxidase, GCTG AGGCGGGACACAACCC, CCCAGTTCCGTTTCCGGGGC; inter leu kin-6 (IL-6), CAGAAAATAAGCTGAAACTTCCA, ATGTCAGTGTGTGTGGCTGGAG; and tumor necrosis factor (TNF)-α, GGCTCTCCTGTCTCCCGT, GTTGGCTAC AACGTGGGC.
Assessment of Platelet Activation by Flow Cytometry
Venous blood (3 mL) was withdrawn into Vacutainer tubes (BD, Franklin Lakes, NJ) containing 3.2% sodium citrate before induction of HS and at the end of transfusion. Platelet-rich plasma was obtained by centrifuging blood at 170 × g at room temperature for 20 minutes. Five microliters of platelet-rich plasma was incubated with 2 µL anti-P-selectin (CD62P) antibody (ab54427; Abcam, Cambridge, MA) and 53 µL hydroxyethyl-piperazine ethane sulfonic acid-buffered saline for 30 minutes at room temperature. To assess the sensitivity of platelets to prothrombotic stimuli, additional 5 µL samples of platelet-rich plasma were incubated with 2 µL anti-CD62P antibody and increasing concentrations of adenosine diphosphate (ADP, Sigma-Aldrich). All samples were centrifuged at 1,500 × g at room temperature for 8 minutes, and the supernatant was discarded. Pellets were resuspended and incubated 20 minutes with 2 µL of fluorescein isothiocyanate-labeled secondary antibody (ab11588; Abcam) and 58 µL HEPES-buffered saline. Platelets were fixed with 0.5% formyl saline, and the number of platelets expressing CD62P was determined with a FACS-Calibur flow cytometer (BD).
In separate experiments, we tested whether NO synthesis by platelet NOS is involved in ovine platelet activation by Hb. Platelets were isolated from the blood of healthy lambs (n = 5) as described above. Platelet-rich plasma was incubated with increasing concentrations of ADP, with or without l-NAME (1 mM) and ovine Hb (50 µM). Data were analyzed using FlowJo 7.6 software (Tree Star, Ashland, OR).
Statistical Analysis
All data are expressed as mean values ± sd. Statistical analysis was performed using GraphPad Prism 5 software (GraphPad Software, La Jolla, CA). A Kolmogorov-Smirnov test was used to verify normality of measured variables. For hemodynamic measurements, a two-way ANOVA with repeated measures was used to compare differences between groups at various time points. When the interaction p-value between time and condition was significant, comparisons were made at each individual time point using a one-way ANOVA with post hoc Bonferroniadjusted comparison testing. Within-group comparisons were performed using a paired t test. For comparisons of mRNA levels, an independent t test was applied to compare differences between two groups, and the differences were corrected for multiple comparisons using Bonferroni adjustment. Differences in platelet activation were compared using a Kruskal-Wallis test. p-Values < 0.05 were considered significant.
RESULTS
Hb Concentrations Are Restored to Baseline Values After Resuscitation From HS With Fresh or Stored RBCs
Hb concentrations did not differ at baseline between any of the three groups (supplemental data, Supplemental Digital Content 1, http://links.lww.com/CCM/A667). In accordance with criteria defining Class 4 HS (31), the amount of blood withdrawn from the lambs was greater than 40% of the estimated blood volume (Table 1 ). Hb concentrations decreased to a similar extent in all three groups during HS and returned to baseline values at the end of resuscitation with either fresh or stored RBCs (supplemental data, Supplemental Digital Content 1, http://links.lww.com/CCM/A667). During 1 hour of resuscitation, lambs received 1,200 mL of resuscitation solutions. The hematocrit of the solutions used for resuscitation did not differ between the three groups ( Table 1) .
Resuscitation From HS With Stored RBCs Induces Pulmonary Hypertension
HS decreased MAP by 49% ± 4%, and MAP remained below baseline values for 120 minutes (p < 0.001, Fig. 1A) . Similarly, HS reduced CI to 48% ± 4% of baseline values (p < 0.001, Fig. 1B) . The reduction of CI was due to a reduced stroke volume during HS (supplemental data, Supplemental Digital Content 2, http://links.lww.com/CCM/A667). During resuscitation, both MAP and CI returned to baseline values in all groups (Fig. 1, A and B) .
Mean PAP decreased 28% ± 3% during HS (Fig. 1C) . Resuscitation with fresh RBCs restored PAP to baseline values (14 ± 2 mm Hg), whereas resuscitation with stored RBCs increased PAP to 24 ± 4 mm Hg (p < 0.001, values differ). In lambs resuscitated with fresh RBCs, PVRI did not increase during transfusion (104 ± 5 dyn·sec·cm -5 .m -2 , Fig. 1D) . In lambs resuscitated with stored RBCs, PVRI increased to 253 ± 43 dyn/s/ cm 5 /m 2 during transfusion (p = 0.01, differs vs fresh RBCs) and remained elevated until 3 hours after resuscitation. NO prevented the increase of PAP and PVRI both during and after resuscitation with stored RBCs (Fig. 1, C and D) .
Transfusion of Stored RBCs Alters Oxygenation Variables
HS decreased Svo 2 and Dȯ 2 I, whereas Sao 2 , Pao 2 , and Vȯ 2 I remained unchanged (supplemental data, Supplemental Digital Content 1, http://links.lww.com/CCM/A667). After completing resuscitation with either fresh or stored RBCs, Svo 2 and Dȯ 2 I returned to baseline values. At 6 and 12 hours, Dȯ 2 I was lower in lambs resuscitated with stored than with fresh RBCs (p < 0.05). Breathing NO did not prevent the reduction in Dȯ 2 I after transfusion of stored RBCs.
At 8-10 hours after transfusion, two of the six lambs resuscitated with stored RBCs developed progressive systemic hypoxemia and tachypnea. The Pao 2 decreased to less than 60 mm Hg in both lambs breathing at Fio 2 0.25, resulting in Pao 2 / Fio 2 ratios below 200. Mean PAP markedly increased to values of 24 and 35 mm Hg in these two lambs, which developed severe acute respiratory failure at the end of study.
Lactate Levels Increase During HS
Plasma concentrations of lactate did not differ between the three groups at baseline and increased during HS to a similar extent in all three groups (supplemental data, Supplemental Digital Content 3, http://links.lww.com/CCM/ A667). Lactate concentrations returned to baseline levels at the end of resuscitation in lambs transfused with fresh RBCs but remained elevated for 1 hour after resuscitation in lambs transfused with stored RBCs. In animals breathing NO during and after resuscitation with stored RBCs, lactate concentrations returned to baseline levels 30 minutes after resuscitation ended.
Tissue Injury Is Increased After Resuscitation With Stored RBCs
The plasma concentrations of creatinine and plasma activity of ALT, AST, and CPK did not differ between the three groups at baseline ( Table 2) . Plasma CPK activity at 3, 6, 12, and 24 hours was higher in lambs receiving stored RBCs than in those receiving fresh RBCs (p = 0.002). Inhalation of NO prevented the increase in the activity of CPK associated with transfusion of stored RBCs. At 12 and 24 hours, plasma AST activity levels were higher in animals resuscitated with stored RBCs than in those transfused with either fresh RBCs or stored RBCs while breathing NO (p = 0.01). 
Pulmonary Neutrophil Accumulation and Edema Are Associated With Transfusion of Stored RBCs
The pulmonary myeloperoxidase activity in lambs resuscitated with stored RBCs was higher than that of lambs transfused with fresh RBCs (11 ± 2 vs 4 ± 1 U/g, p = 0.007) (Fig. 2) . In animals breathing NO during and after resuscitation with stored RBCs, the pulmonary myeloperoxidase activity (8 ± 1 U/g) did not differ from that of lambs resuscitated with fresh RBCs (p = 0.09).
Lung wet-to-dry weight ratios 21 hours after resuscitation did not differ between any of the groups (fresh RBCs 4.9 ± 0.5, stored RBCs 5.3 ± 0.2, and stored RBCs with inhaled NO 4.8 ± 0.4; p = 0.23). However, both lambs that developed delayed-onset severe acute respiratory failure and systemic hypoxemia after transfusion of stored RBCs had markedly elevated lung wet-to-dry weight ratios (6.0 and 6.1).
Pulmonary and hepatic gene expression levels of myeloperoxidase, IL-6, and TNF-α did not differ between lambs transfused with fresh or stored RBCs (supplemental data, Supplemental Digital Content 4, http://links.lww.com/CCM/A667).
Plasma Hb Concentrations Are Increased up to 21 Hours After Transfusion of Stored RBCs
Cell-free Hb concentrations were higher in supernatant solutions of stored RBCs than in those of fresh RBCs (Table 1) .
Plasma Hb concentrations increased in lambs transfused with stored RBCs, with or without breathing NO (Fig. 3) , but not in animals transfused with fresh RBCs. For the first 15 hours after resuscitation, plasma Hb concentrations of lambs receiving stored RBCs did not differ from those of lambs breathing NO during and after stored RBC transfusion. At 21 hours after resuscitation, plasma Hb concentrations of lambs transfused with stored RBCs were higher than those at baseline. However, when lambs were treated with inhaled NO, plasma Hb concentrations had returned to baseline levels at 21 hours after resuscitation.
Peak mean PAP at the end of transfusion correlated with peak plasma Hb concentrations at the end of transfusion (R 2 = 0.56, p = 0.005; Fig. 4A ) and with the concentration of Hb in the supernatant of the transfusate at the end of the storage period (R 2 = 0.61, p = 0.003; Fig. 4B) .
Stored Blood Transfusion Increases Hepatic HO-1 Gene Expression Levels and Serum Iron Concentrations
At 21 hours after resuscitation, hepatic HO-1 mRNA levels were higher in lambs resuscitated with stored than with fresh RBCs (p < 0.001, supplemental data, Supplemental Digital Content 4, http://links.lww.com/CCM/A667), but pulmonary HO-1 mRNA levels did not differ (p = 0.23).
Furthermore, at 21 hours after resuscitation, serum iron concentrations were higher in lambs resuscitated with stored RBCs than in those resuscitated with fresh RBCs (80 ± 20 vs 44 ± 7 µg/dL, p = 0.03). Serum iron concentrations in lambs receiving stored RBCs did not differ between animals breathing gas supplemented with NO and those not breathing NO (102 ± 19 vs 80 ± 20 µg/dL, p = 0.09).
HS Sensitizes Ovine Platelets to ADP Stimulation
There was no difference in the percentage of circulating platelets expressing CD62P before HS or after resuscitation from HS with either fresh or stored RBCs (data not shown). Furthermore, no differences in CD62P expression were observed in platelets after stimulation with low concentrations of ADP ex vivo. However, when platelets were incubated with 3 × 10 -6 M ADP ex vivo, more platelets from lambs resuscitated with stored RBCs expressed CD62P than those from lambs resuscitated with fresh RBCs (p = 0.004; Fig. 5A) . In lambs resuscitated with stored RBCs, breathing NO attenuated the ability of ADP to increase the fraction of platelets expressing CD62P.
To elucidate whether NO synthesis by platelet NOS is involved in ovine platelet activation by Hb, we first incubated naïve ovine platelets in vitro with either l-NAME or Hb and then treated them with increasing concentrations of ADP. Platelet activation by ADP was more pronounced in platelets incubated with l-NAME or Hb than in naïve platelets (p < 0.05). Both l-NAME and Hb treatment increased the expression of CD62P on platelets to a similar extent (Fig. 5B) .
DISCUSSION
We adapted our previously described ovine transfusion model (28) to investigate the effects of transfusing stored RBCs in awake lambs subjected to HS. Resuscitation from HS with stored RBCs produced transient pulmonary hypertension, which correlated with peak concentrations of plasma Hb at the end of transfusion. Furthermore, resuscitation from HS with stored RBCs increased circulating markers of tissue injury (AST and CPK) and pulmonary myeloperoxidase activity and sensitized platelets to stimulation with ADP. Inhalation of NO prevented pulmonary vasoconstriction and attenuated tissue injury and the increase in pulmonary myeloperoxidase and platelet activity after resuscitation from HS with stored RBCs.
We studied an established model of ovine HS (25) (26) (27) , producing systemic hypoperfusion as reflected by an increase in plasma lactate levels during HS. Similar to our study, Fischer et al (25) maintained MAP near 50 mm Hg over 2 hours and observed a comparable decrease in CI and Dȯ 2 I during HS. Fischer et al reported that resuscitation from HS with diaspirin cross-linked Hb induced systemic and pulmonary hypertension, whereas we found that resuscitation from HS with stored RBCs only induced transient pulmonary, but not systemic, hypertension. The plasma Hb concentrations after resuscitation with diaspirin cross-linked Hb reported by Fischer et al were more than 100-fold higher than those in our lambs after transfusion of 600 mL of stored RBCs. The different responses of the systemic and pulmonary vascular systems in these two studies illustrate the remarkable sensitivity of the lamb's pulmonary vasculature to the scavenging of NO by plasma Hb.
Similar to the results observed in our previous lamb study (28) , transfusion of stored RBCs increased both the PAP and PVRI, whereas transfusion of fresh RBCs did not. However, equivalent concentrations of plasma Hb after stored blood transfusion induced a greater PAP and PVRI in animals subjected to 2 hours of HS than in healthy lambs. Not only was the pulmonary vasoconstrictor effect in animals subjected to HS and stored blood transfusion more pronounced but also pulmonary vasoconstriction and hypertension lasted longer after HS than in healthy lambs. Animal models and human studies of HS have shown that reperfusion injury produces systemic and pulmonary endothelial dysfunction, thereby decreasing the vascular bioavailability of NO (35) (36) (37) (38) . Consequently, endothelial dysfunction and reduced vascular bioavailability of NO after HS might have contributed to the increased pulmonary vasoconstrictor response caused by transfusion of stored RBCs. Furthermore, pulmonary vasoconstriction might have been facilitated by an increase of pulmonary vascular permeability after HS, resulting in greater exposure of pulmonary smooth muscle cells to plasma Hb (39, 40) . In addition, the lambs in this study received 2 U of RBCs (roughly equivalent to 4 U of RBCs transfused into a human adult), as compared with 1 U in our previous study (28) . Thus, the greater volume load could have resulted in higher pulmonary vascular pressures.
A recent prospective randomized trial in premature infants comparing fresh RBC transfusion to standard blood banking practice showed no difference in major neonatal morbidities (21) . Pulmonary hemodynamic variables, however, were not evaluated. Extrapolating from our study of 3-month-old lambs, the neonatal pulmonary circulation might be sensitive even to small increases in plasma Hb concentrations.
Previous animal studies have shown detrimental pulmonary effects after transfusion of stored RBCs (28, 41) . In the current lamb study, pulmonary myeloperoxidase activity was higher after resuscitation with stored than with fresh RBCs.
Myeloperoxidase activity, which correlates with sequestration and activation of neutrophils in lung tissue, is also elevated in ovine acute lung injury and sepsis (42) . In contrast, pulmonary mRNAs encoding myeloperoxidase, IL-6, and TNF-α were not elevated 21 hours after resuscitation with stored RBCs. Lange et al (42) reported increased pulmonary IL-6 mRNA levels in sheep at 8 hours but not 12, 18, or 24 hours after induction of acute lung injury and sepsis. Thus, the mRNA levels of myeloperoxidase, IL-6, and TNF-α may have been elevated at earlier time points in our model. Villagra et al (43) reported that plasma Hb concentrations and platelet activation were greater in patients with sickle cell disease than in healthy volunteers and that platelet CD62P expression correlated with markers of intravascular hemolysis. We did not find differences in CD62P expression in unstimulated platelets of lambs resuscitated with fresh or stored RBCs. However, ovine platelets were more readily activated by ADP after resuscitation from HS with stored than with fresh RBCs. This platelet-sensitizing effect might be induced by scavenging of systemic or platelet-derived NO by Hb. We demonstrated that inhibition of platelet NOS by l-NAME increased CD62P expression to a similar extent as did incubation of platelets with purified Hb. These data suggest that decreased bioavailability of NO after resuscitation with stored RBCs might be one mechanism that increases the sensitivity of ovine platelets to ADP.
Transfusion of blood components is associated with an increased risk of developing transfusion-related acute lung injury (TRALI), which occurs within 6 hours after transfusion (44) . Tung et al (34) reported that transfusion of xenogeneic supernatant from stored but not fresh RBCs contributed to the development of TRALI in endotoxin-treated sheep. In our study, two lambs resuscitated with stored RBCs developed severe hypoxemia with tachypnea starting at 8-10 hours after transfusion. These two animals had the highest lung wet-to-dry ratios of all the animals studied, indicating severe pulmonary edema. No other animal transfused with either fresh RBCs or breathing inhaled NO during transfusion with stored RBCs developed respiratory dysfunction or pulmonary edema. Experimental studies report that inhaled NO reduced pulmonary capillary leakage and the accumulation of macrophages and neutrophils in isolated rat lungs subjected to ischemia-reperfusion injury (45, 46) . In this study, breathing NO prevented pulmonary vasoconstriction and neutrophil accumulation associated with transfusion of stored RBCs to resuscitate HS. Hidalgo et al (47) reported that sequestered neutrophils can interact with platelets, thereby mediating endothelial injury and impeding microcirculatory flow. Taken together, these data suggest that inhaled NO might exert its systemic effects by reducing neutrophilplatelet interactions.
One limitation of this study is that lambs resuscitated with fresh RBCs were not precise controls for those resuscitated with stored RBCs. Due to the 2-hour time limitation, fresh blood was not leukoreduced. Leukoreduction of 1 U of sheep blood using standard human leukoreduction filters takes up to 1 hour, possibly due to differences in the size and surface antigen expression of ovine and human leukocytes (48) . Withdrawal of 2 U of blood within 2 days of the HS experimental procedure would have induced a severe stress in the lambs. Furthermore, if 2 U were donated within days of the experimental procedure, the blood Hb levels at baseline would have been markedly reduced. Because of the short processing time and the need to have all groups begin at equal Hb concentrations, we believed it preferable to transfuse the blood removed acutely to induce HS.
Studies in animal models can only suggest noxious mechanisms or processes that may be occurring in transfused patients. Results obtained by transfusing different species may not apply to patients due to biochemical, physiologic, and anatomical differences. We will have to wait for the results of various large, prospective, and randomized trials of stored blood transfusion to draw final conclusions. Yet, in the meantime, we can elucidate possible mechanisms and effects to search for in the human studies.
